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We explored a Higgs inﬂationary scenario in the SUGRA embedding of the MSSM in Einstein frame where 
the inﬂaton is contained in the SU (2) Higgs doublet. We include all higher order non-renormalizable 
terms to the MSSM superpotential and an appropriate Kähler potential which can provide slow-roll 
inﬂaton potential in the D-ﬂat direction. In this model, a plateau-like inﬂation potential can be obtained if 
the imaginary part of the neutral Higgs acts as the inﬂaton. The inﬂationary predictions of this model are 
consistent with the latest CMB observations. The model represents a successful Higgs inﬂation scenario in 
the context of Supergravity and it is compatible with Minimal Supersymmetric extension of the Standard 
Model.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Observations of super-horizon ansiotropies in the CMB (COBE, 
WMAP, Planck) have established that early universe underwent a 
period of cosmic inﬂation [1]. Such a period of rapid expansion 
can solve a number of cosmological problems, such as the horizon, 
ﬂatness and monopole problems, and generate the initial condi-
tions (homogeneity and isotropy) for the hot big bang evolution of 
the universe thereafter. It not only explains the scale-invariant and 
Gaussian spectrum of density ﬂuctuations on superhorizon scales 
but also provides the seed for the large-scale structures formation 
in the universe. In particle physics, the issues like dark matter, hi-
erarchy problem, baryogenesis and non-renormalizability of gravity 
etc. perpetuates and hints towards the existence of new physics 
beyond standard model. To date the most promising approach to 
address these key issues is local supersymmetry also known as su-
pergravity (SUGRA).
In the framework of global supersymmetry (SUSY), there have 
been attempts to construct Higgs ﬁeld driven inﬂation models 
in MSSM (minimal supersymmetric standard model) and NMSSM 
(next-to-minimal supersymmetric standard model) with or with-
out non-minimal coupling to curvature [2–8]. Within the SUGRA 
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SCOAP3.framework, the non-minimal and minimal Higgs inﬂation mod-
els in MSSM and NMSSM are studied in [9–12]. Apart from these 
SUGRA-(N)MSSM models, there exist a number of inﬂation models 
in the framework of Einstein gravity and modiﬁed gravity [13,14]. 
In the standard slow-roll inﬂationary scenario if one tries to cou-
ple the standard model (SM) with Einstein gravity, one ﬁnds that 
the SM Higgs can not be identiﬁed as the inﬂaton because it has 
a very small self-coupling O(10−13) and light mass O(1013) GeV
at Planck scale. Apart from this it predicts large amplitude of 
the gravity waves which is ruled out by the joint analysis of BI-
CEP2/Keck Arrey and the Planck observations at 95%CL [15]. How-
ever, if a non-minimal interaction of the type ξH†HR between 
the inﬂaton and gravity is considered then for large values of 
the non-minimal coupling parameter ξ ∼ 104, the inﬂaton can be 
identiﬁed with the SM Higgs [16,17]. The large ξ allows the self 
coupling to be O(1) and therefore Higgs mass ∼ 125 GeV at Elec-
troweak scale consistent with the LHC experiment [18,19]. Also 
this scenario predicts small gravity wave amplitude consistent with 
the observations. However, in this setting Higgs-graviton scatter-
ing suggests the cut off in the theory to be  = Mp/ξ which is 
much smaller than the energy scale during inﬂation  = Mp/√ξ
due to large non-minimal coupling, and therefore this scenario suf-
fers from unitarity violation problem. Various ways to solve this 
issue are proposed in [20–23]. However at present, this model 
(and the equivalent Starobinsky model of inﬂation) is one of the 
most favored models of inﬂation due to its small but observation-
ally consistent prediction of tensor to scalar ratio r  0.003. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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presence of non-minimal interaction of Higgs, Einhorn and Jones 
demonstrated that, under certain assumptions, the slow-roll condi-
tions are not met along β-direction (β being the ratio of two Higgs 
vevs) for non-zero D-term and therefore slow-roll inﬂation can not 
be achieved. On the other hand, in D-ﬂat direction the inﬂaton po-
tential is negative and therefore unsuitable for inﬂation. However 
they found that slow-roll inﬂation can be realized in NMSSM in 
which a gauge singlet S is added to existing two Higgs doublets 
(H1, H2) [9]. N = 1, D = 4 Jordan frame supergravity in a super-
conformal approach [24] with arbitrary scalar-curvature coupling 
is formulated in [10,25]. The Einhorn and Jones NMSSM inﬂation-
ary scenario appears as a special case of this formulation where 
they showed that a strong tachyonic instability (m2s˜ > H
2) in the 
S-direction during inﬂation because the scalar potential in D-ﬂat 
direction has a saddle point at S = 0 and therefore inﬂaton has 
an unstable trajectory at S = 0 [10]. Later on it was shown in 
[11], that a higher order correction of the type −γ (S†S)2 to the 
frame function can cure the problem of tachyonic instability if, for 
γ  0.003, one chooses a very small cubic coupling ∼O(10−5) of 
the gauge singlet in the superpotential. Also the unitarity problem, 
which exists even in Supergravity generalization [9] of standard 
non-minimal Higgs inﬂation scenario [17], seems to be resolved 
here. The possibility of Higgs inﬂation in MSSM in context of su-
pergravity with large Higgs ﬁeld and fractional power potential has 
been explored in [12].
In the present work we study an inﬂation model in the SUGRA 
embedding of the MSSM in Einstein frame. As this will be a mini-
mal SUGRA-MSSM model, so there will not arise issues like tachy-
onic instabilty and unitarity violation during slow-roll inﬂationary 
regime. Unlike the Einhorn and Jones MSSM-SUGRA inﬂationary 
scenario, in this model, a D-ﬂat positive inﬂaton potential can be 
achieved by adding higher order non-renormalizable terms to the 
MSSM superpotential μHu ·Hd . And to obtain the correct inﬂation-
ary observables, the required ﬂatness of the inﬂation potential can 
be achieved when the imaginary part of the neutral Higgs compo-
nent in the Einstein frame acts as the inﬂaton.
The organization of the remainder of the paper is as follows. 
In Section 2, we introduce the model and calculate the F -term 
and D-term inﬂaton potential. Then to constrain the inﬂationary 
observables, we derive the effective potential in canonical inﬂa-
ton ﬁeld basis. In Section 3, we present the model predictions of 
inﬂationary observables: in particular spectral index ns and its run-
ning αs , tensor-to-scalar ratio r and constrain the couplings in the 
model from CMB normalization. Also we discuss the possibility 
of the slow-roll potential with respect to the ﬁeld β . Finally, we 
present our conclusions in Section 4.
2. The model
In this model we consider the following Kähler potential 
K (φi, φ∗i )
K = 3M2p ln
[
1+ 1
3M2p
(
H†uHu + H†dHd
)]
, (1)
and superpotential W (φi) with higher order non-renormalizable 
terms
W = μ(Hu · Hd) + λ(Hu · Hd)
2
Mp
exp
(
Hu · Hd
M2p
)
, (2)
where Hu and Hd are SU (2) Higgs doublets identiﬁed as up-type 
and down-type Higgs superﬁelds, given by
Hu =
(
φ+u
φ0
)
, Hd =
(
φ0d
φ−
)
, (3)u dand the contraction Hu · Hd is the SU (2) invariant Hu · Hd ≡
HTu iσ2Hd = φ+u φ−d − φ0uφ0d . Considering only the neutral compo-
nents of Hu and Hd to be non-vanishing, we obtain Hu · Hd =
−φ0uφ0d .1 The ﬁrst term μ(Hu · Hd) in (2) is the MSSM superpo-
tential contains a parameter μ of the order of electroweak scale 
∼ O (100) GeV whereas Higgs ﬁelds are of the order of Planck 
scale during inﬂation. Therefore we will neglect the ﬁrst term in 
W compared to the second term which includes all higher order 
terms in Hu · Hd .
The scalar potential in SUGRA depends upon the Kähler func-
tion G(φi, φ∗i ) given in terms of superpotential W (φi) and Kähler 
potential K (φi, φ∗i ) as
G(φi, φ
∗
i ) ≡ K (φi, φ∗i ) + lnW (φi) + lnW ∗(φ∗i ), (4)
where φi are the chiral scalar superﬁelds. The scalar potential in 
Einstein frame is given as V = V F +VD , where the F-term potential 
is given by
V F = eG
[
∂G
∂φi
K ij∗
∂G
∂φ∗j
− 3
]
(5)
and the D-term potential is given by
VD = 1
2
[
Ref −1ab (φi)
]
DaDb, (6)
where
Da = −g ∂G
∂φk
(τ a)lkφl (7)
and fab is related to the kinetic energy of the gauge ﬁeld thus 
it must be a holomorphic function of φi . g is the gauge coupling 
constant corresponding to each gauge group and τ a being the cor-
responding generator. For SU (2)L symmetry τ a = σ a/2, where σ a
are Pauli matrices and for U (1)Y symmetry, τ a are hypercharge of 
the ﬁelds, i.e. Yu = 1 and Yd = −1.
The kinetic term of the scalar ﬁelds is given by
LK E = K j∗i ∂μφi∂μφ∗j , (8)
here K ij∗ is the inverse of the Kähler metric
K j∗i ≡
∂2K
∂φi∂φ∗j
. (9)
Using (3), the Kähler potential (1) and superpotential (2) reduce 
to
K = 3 ln
[
1+ φuφ
∗
u + φdφ∗d
3
]
, (10)
W = λ(−φuφd)2 exp(−φuφd) , (11)
respectively. Considering the canonical form the gauge kinetic 
function fab = δab for simplicity, the D-term potential becomes
VD = (g
2
1 + g22)
8
(
1+ φ∗uφu+φ∗dφd3
)2 [φ∗uφu − φ∗dφd]2 , (12)
where g1 and g2 are gauge couplings of U (1)Y and SU (2)L sym-
metries, respectively. It is convenient to parametrize the complex 
ﬁelds φu and φd as φu = φ sin(β) and φd = φ cos(β). Here, we shall 
treat φ as a complex ﬁeld and β to be real ﬁeld. For the given 
parametrization, the D-term potential can be given as
1 For simplicity, we shall omit the superscript ‘0’ and work in Mp = (8πG)−1/2 =
1 unit from here onwards.
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8
(g21 + g22) |φ|4
cos(2β)2
(3+ |φ|2)2 (13)
and F -term potential can be given as
V F = λ
2
31104
sin(2β)2 exp
(
−(φ2 + φ∗2) sin(2β)/2
)
|φ|6 (3+ |φ|2)3
[
1152+ |φ|2
{
756+ |φ|2 [232
+ 3 |φ|2 (7+ 9 |φ|2)]}− 4 |φ|2 {93+ |φ|2 [58
+ |φ|2 (6+ |φ|2)]} cos(4β) + (3+ |φ|2){ |φ|6
cos(8β) − 8(φ2 + φ∗2)[12+ 7 |φ|2 sin(2β)2]}
sin(2β)
]
. (14)
Now we calculate the kinetic term (8) which comes out to be
LK E = 9
(3+ |φ|2)2 |∂μφ|
2 . (15)
In order to make the kinetic term LK E canonical, we redeﬁne 
the ﬁeld φ to χE via
∣∣∂μχE ∣∣2 = 9
(3+ |φ|2)2
∣∣∂μφ∣∣2 . (16)
It is straightforward to solve (16) to get
φ = √3 tan
(
χE√
3
)
. (17)
We further decompose φ in terms of its real and imaginary 
parts as φ = (φR + iφI )/
√
2 and assume its real part to be zero, we 
have φ = −φ∗ = iφI/
√
2. Similarly, χE = (χR + iχ)/
√
2 and setting 
the real part to zero, we have χE = −χ∗E = iχ/
√
2. The solution 
(17) can be rewritten as
φI =
√
6 tanh
(
χ√
6
)
, (18)
where we have used the trigonometric relation tan(iθ) = i tanh(θ). 
Here χ = √2Im(χE ) acts as the inﬂaton. If we assume the real 
part of the ﬁelds to be non-zero and imaginary parts to be zero, 
the potential becomes very steep due to φ ∝ tan(χR) during inﬂa-
tionary regime, therefore unsuitable for slow-roll inﬂation. How-
ever, we will see that the imaginary part (18) can provide the 
required slow-roll inﬂaton potential.
From the analysis of the potential we ﬁnd that the slow-roll 
conditions are met only when the D-term potential vanishes which 
is achieved by choosing tan(β) = 1. In terms of canonical ﬁeld χ , 
substituting from (18) into (14), the D-ﬂat inﬂaton potential be-
comes
U (χ) = 27λ
2
16
exp
(
3 tanh
(
χ/
√
6
)2)
tanh
(
χ/
√
6
)6
[
1+ tanh (χ/√6)2]3[16+ 71 tanh (χ/√6)2
+ 124 tanh (χ/√6)4 + 60 tanh (χ/√6)6
+ 9 tanh (χ/√6)8] . (19)3. Model predictions of the inﬂationary observables and the 
dynamics of the ﬁeld β
In this section we estimate the inﬂationary observables for the 
model discussed above. In the Einstein frame, the slow-roll param-
eters are deﬁned as
 ≡ 1
2
(
U ′
U
)2
, η ≡ U
′′
U
, ξ ≡ U
′U ′′′
U2
. (20)
Inﬂation ends when the condition (χe) = 1 is met, which deter-
mines the ﬁeld value at the end inﬂation χe . Using the e-folding 
expression
N =
χs∫
χe
U
U ′
dχ , (21)
we can obtain the initial ﬁeld value χs corresponding to N ≈ 60
e-folds before the end of inﬂation, when observable CMB modes 
leave the horizon.
For the estimation of the inﬂationary observables tensor to 
scalar ratio r, scalar spectral index ns and running of spectral index 
αs , we use the standard Einstein frame relations, given by
r = 16 , (22)
ns = 1− 6 + 2η , (23)
αs ≡ dns
d lnk
= 16η − 242 − 2ξ . (24)
The coupling parameter λ can be estimated using the CMB nor-
malization i.e. using the standard expression for the amplitude of 
the curvature perturbation, given by
2R =
1
24π2
U

. (25)
The Planck-2015 observations give the scalar amplitude and the 
scalar spectral index as 1010 ln(2R) = 3.089 ± 0.036 and ns =
0.9666 ± 0.0062 respectively at (68% CL, PlanckTT+lowP) [26,27]. 
The constraint on the running of the spectral index is αs =
−0.0084 ± 0.0082 (68%CL, PlanckT T + lowP ) [27]. Also, the Planck 
analysis of full CMB polarization and temperature data combined 
with BICEP2/Keck Array CMB polarization observations have put an 
upper bound on tensor-to-scalar ratio r0.05 < 0.07 (95% CL) [15].
Armed with the theoretical and observational results for the 
CMB observables, and the inﬂaton potential (19), we perform the 
numerical analysis of the model. For the ﬁeld value χs  8.95 and 
coupling λ  3.8 × 10−8, we obtain r  0.00337, ns  0.966 and 
αs  −5.7 ×10−4 which are consistent with the CMB observations. 
And using the condition (χe) = 1, we obtain the ﬁeld value at the 
end of inﬂation to be χe  3.66. Also from the e-folding expres-
sion (21), for χs  8.95 and χe  3.66, we obtain the minimum 
required e-folds N ≈ 59. The shape of the inﬂaton potential along 
D-ﬂat direction is shown in Fig. 1 and the potential with varying 
β and χ ﬁelds is shown in Fig. 2.
One could also ask the possibility of a slow-roll potential along 
the ﬁeld β-direction for some large ﬁxed χ , if β 
= π4 [9]. We study 
the dynamics of the ﬁeld β around the minima β = π/4 of the to-
tal potential V = VD + V F , evaluated in terms of χ using eq. (18), 
and ﬁnd that the ﬁeld β does not satisfy the slow-roll conditions 
β  1 and ηβ  1 altogether. The slow-roll parameters β and ηβ
are deﬁned with respect to the ﬁeld β as
β ≡ 1
2
(
V ′
V
)2
, (26)
ηβ ≡ V
′′
= m
2
β
, (27)
V V
266 G.K. Chakravarty et al. / Physics Letters B 760 (2016) 263–266Fig. 1. The shape of the D-ﬂat (when β = π4 ) inﬂaton potential is shown for λ 
3.8 × 10−8.
Fig. 2. During 60 e-folds inﬂation, when the inﬂaton ﬁeld rolls from χs  8.95 and 
χe  3.66, the stabilization of the ﬁeld β at β = π4 is shown. The slow-roll inﬂation 
takes place along the χ -direction.
where m2β is the effective mass squared of the ﬂuctuations of the 
ﬁeld β . With the numerical analysis, we ﬁnd that in the limit 
β → π4 although β → 0, the parameter ηβ ∼ 1010 because dur-
ing inﬂation mass of the β-ﬁeld mβ ≈ 1.2 is much larger than the 
Hubble parameter H ≈ 6 × 10−6 [28]. Therefore, there is no slow-
roll along β-direction, instead the ﬁeld β rapidly rolls down to the 
minima of the potential at β = π4 and stays there during inﬂation. 
The inﬂation takes place along the χ -direction where the slow-roll 
conditions   2.1 × 10−4 and |η|  0.016 hold good. At the end 
of inﬂation there is reheating and the Higgs potential assumes the 
ﬁnite temperature values. In the electroweak era the potential can 
settle to a minima where tan(β) 
= 1.
4. Conclusion
In this paper we have studied a Higgs inﬂation model in the 
SUGRA embedding of the MSSM. We include all higher order non-
renormalizable terms to the MSSM superpotential. We ﬁnd that 
the inclusion of such higher order terms in the superpotential can 
provide the positive inﬂaton potential in D-ﬂat directions. In or-
der to obtain a plateau-like inﬂaton potential, which can produce 
the correct inﬂationary observables, we have to take the real part 
of the canonical ﬁeld χE to be zero and its imaginary part χ acts 
as the inﬂaton. Slow-roll analysis of the model with small super-
potential coupling λ  3.8 × 10−8 and superplanckian ﬁeld value 
χs  8.95, provide N  59 e-folds and the inﬂationary observables 
r  0.00337, ns  0.966, αs  −5.7 ×10−4, 2R  2.19 ×10−9 con-
sistent with the latest CMB observations. We also discussed the 
possibility of a slow-roll potential with respect to the ﬁeld β for large ﬁxed χ , and found that the slow-roll parameter with respect 
to the ﬁeld β violates the condition ηβ  1, therefore slow-roll 
potential along the β-direction is not possible, instead the ﬁeld β
rapidly falls towards the minima and stabilizes at β = π/4 and 
stays there during the entire period of inﬂation. This model repre-
sents a successful Higgs inﬂationary scenario in the SUGRA-MSSM 
theory.
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